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INTRODUCTION: To implement neuroprotective strategies 
in newborns, sensitive and specific biomarkers are needed for 
identifying those who are at risk for brain damage. We evalu-
ated the effectiveness of matrix metalloproteinases (MMPs) and 
their naturally occurring tissue inhibitors of metalloproteinases 
(TIMPs) in predicting neonatal encephalopathy (Ne) damage in 
newborns. 
RESULTS: Plasma MMP-9 and TIMP-1 levels were upregulated as 
early as 1 h after the hI insult but not did not show such eleva-
tions after other types of injury (ibotenate-induced excitotox-
icity, hypoxia, lipopolysaccharide-induced inflammation), and 
brain levels reflected this increase soon thereafter. We confirmed 
these results by carrying out plasma MMP-9 and TIMP-1 mea-
surements in human newborns with Ne. In these infants, protein 
levels of MMP-9 and TIMP-1 were found to be elevated during a 
short window up to 6 h after birth. 
DISCUSSION: This feature is particularly useful in identifying 
newborns in need of neuroprotection. a second peak observed 
72 h after birth is possibly related to the second phase of energy 
failure after a hI insult. Our data, although preliminary, sup-
port the use of MMP-9 and TIMP-1 as early biomarkers for the 
presence and extent of perinatal brain injury in human term 
newborns.
METHODS: We first used a mouse model of neonatal hI injury 
to explore mechanistic aspects such as the time course of these 
markers after the hypoxia–ischemia event, and the correlation 
between the levels of these candidate markers in brain and 
plasma. 

The major perinatal brain lesions associated with cerebral 
palsy and cognitive impairment are periventricular white 

matter damage and cortical–subcortical lesions, observed 
mainly in preterm and term infants, respectively (1,2). A crucial 
step for the implementation of neuroprotective therapies is the 
rapid detection of neonates at risk. Despite this urgent need, no 
appropriate and easily detectable biomarkers for perinatal injury 
are currently available.

Matrix metalloproteinases (MMPs) and tissue inhibitors of 
metalloproteinases (TIMPs) are involved in multiple processes 
during development and in adulthood (3–5), including perina-
tal hypoxia–ischemia (HI) and white matter damage in human 
neonates. Recent studies in adult MMP-9 knockout mice have 
demonstrated the key role played by this metalloproteinase in 
the pathophysiology of traumatic and hypoxic–ischemic (HI) 
brain injury (6). Concordantly, MMP-9 has been shown to 
have deleterious effects in the immature brain after HI injury 
(7). Several of these studies demonstrated a significant increase 
in MMP-9 expression in the central nervous system within the 
first 24 h after the insult. MMP-9 also has long-term beneficial 
effects on neurovascular remodeling and behavioral recovery 
after stroke in adult rats (8,9). In the adult rat central nervous 
system, elevated TIMP-1 expression levels may play a neuro-
protective role after kainate-induced excitotoxic seizures (10), 
and gene transfer of TIMP-1 and 2 protects against global cere-
bral ischemia in mice (11,12). The fact that MMPs and TIMPs 
are secreted proteins that can easily be measured in bodily flu-
ids including peripheral blood (13) highlights their potential 
as biomarkers for brain injury. Indeed, MMP-9 has already 
been evaluated as a biomarker for acute ischemic stroke in 
adult patients (14). However, their usefulness in neonates has 
not so far been demonstrated.

As a first step in the validation of MMPs and/or TIMPs as bio-
markers for perinatal brain injury, we used a model of HI injury in 
postnatal day 9 (P9) mice (which mimics the gray matter lesions 
observed in human neonatal encephalopathy (NE)) (15), to study 
the correlation between plasma levels and brain levels of these 
molecules. We evaluated the specificity of these molecules for HI 
damage by measuring MMP and TIMP levels in two other con-
ditions: ibotenate-induced excitotoxic lesions in P5 mice (which 
mimic periventricular white matter damage in preterm infants) 
(16), and lipopolysaccharide (LPS) injections (which mimic bac-
terial infection/inflammation in addition to sensitizing the brain 
to HI insults) (17). Over and above the mechanistic insights 
yielded by the use of animal models, we obtained information 
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regarding the potential of these biomarkers for human use by 
measuring MMP and TIMP levels in plasma collected within the 
first 6 h of life from infants with NE, as well as from healthy con-
trols and from infants with infectious disease.

ReSULtS
Levels of MMPs and TIMPs in Plasma and Neocortex in HI Mice
Gelatinolytic activity of MMP-2 in the neocortex (Figure 1a,b) 
and plasma (Figure 2a–c for 1 h; other time points not shown) 
and MMP-2 protein levels (data not shown) were not affected 
by HI as compared to controls. Neocortical gelatinolytic activity 
(Figure 1a,b) and protein levels of MMP-9 (Figure 3a) were sig-
nificantly increased at 24 h and 3 days after HI. Plasma MMP-9 
protein levels were significantly increased at 1, 3, and 6 h and 
3 days after HI, relative to controls (Figure 3b).

As with MMP-9, neocortical TIMP-1 protein levels showed 
significant HI-induced increases at 24 h and 3 days (Figure 3c). 
Plasma TIMP-1 protein levels showed increases at even earlier 
time points, i.e., within the first few hours, and for as long as 
3 days after the insult (Figure 3d). TIMP-2 protein levels could 
not be evaluated because of the lack of  enzyme-linked immu-
nosorbent assay kits sensitive enough for murine tissues.

Levels of MMPs and TIMPs in Plasma and Neocortex of Mice With 
Excitotoxic Lesions
Gelatinolytic activity and protein levels of MMP-2 (data not 
shown) and MMP-9 in the neocortices (Figure 3a) and plasma 
(Figures 2a,c and 3b) of P5 Swiss mice injected with ibotenate 

were not different from the levels in controls at any time point. 
The gelatinolytic activity of neocortical MMP-9 after ibotenate 
injection in P9 C57BL/6 mice was also negligible at all time 
points studied, and plasma MMP-9 levels revealed no difference 
from those of controls (data not shown).

Neocortical TIMP-1 protein levels (Figure 3c) were briefly but 
significantly higher 24 h after ibotenate injection in P5 Swiss mice 
as compared to control mice. No increase was observed in the plasma 
protein levels (Figure 3d). At all other time points, TIMP-1 protein 
levels in ibotenate-treated and control mice were comparable.

Levels of MMPs and TIMPs in Plasma and Neocortices of hypoxic 
and LPS-exposed Mice
There was no increase in neocortical gelatinolytic activity or 
in  levels of MMP-9 (Figure 3a), MMP-2 (data not shown), 
or TIMP-1 (Figure 3c) in the affected hemisphere in hypoxic 
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Figure 1.  MMP-2/MMP-9 gelatinolytic activity in the neocortices of 
mice with HI brain injury. (a) Neocortical MMP-2 and MMP-9 gelatinolytic 
activity in HI mouse neonates killed 1, 3, 24, and 48 h after an HI insult, as 
compared to controls (C) (samples for 6 h, and for 3, 4, and 5 days are not 
shown). (b) Quantitative zymography. White bars: MMP-2 gelatinolytic 
activity; black bars: MMP-9 gelatinolytic activity. the effect of HI on 
MMP-9 gelatinolytic activity was extremely significant (P < 0.001) at 24 h. 
Similar results were observed at 3 days (data not shown). the effect of HI 
on MMP-2 levels was nonsignificant at all ages. *P < 0.001; comparisons 
between HI groups and C; one-way ANOVA and Bonferroni post hoc test. 
HI, hypoxia–ischemia; MMP, matrix metalloproteinase.

Figure 2. MMP-9 and tIMP-1 levels in brains and plasma of mice with 
hypoxic-ischemic (HI), hypoxia alone (H), and excitotoxic brain injuries. 
Protein levels in the (a,c) neocortices and (b,d) plasma of neonatal mice 
killed at 1, 3, 6, 24, and 48 h, and at 3, 4, and 5 days after the insult, in 
HI (white bars), H (light gray bars), ibotenate-injected (Ibo; dark gray 
bars), and controls (C; black bars). Bars represent mean concentrations ± 
SeM. *P < 0.001; **P < 0.01; §P < 0.05; two-way analysis of variance with 
Bonferroni post hoc test. a,b: MMP-9 concentrations in (a) the neocortex 
and (b) plasma at various time points. the effect of HI was extremely 
significant at 24 h (P < 0.001) and 3 days (P < 0.01) in the neocortex, and 
was significant at 1 h (P < 0.001), 3 h (P < 0.01), 6 h (P < 0.05), and 3 days 
(P < 0.001) in plasma, relative to C mice. Neither H nor Ibo affected MMP-9 
protein levels. c,d: tIMP-1 concentrations in (c) the neocortex and (d) 
plasma at various time points. the effect of HI was extremely significant at 
24 h (P < 0.001) and 3 days (P < 0.01) in the neocortex, and from 1 h up to 
3 days (P < 0.001) in plasma, relative to C mice. the effect of an excitotoxic 
(Ibo) injury on neocortical tIMP-1 levels was extremely significant at 24 h 
only (P < 0.001), whereas plasma levels were unchanged. H did not affect 
tIMP-1 protein levels. MMP, matrix metalloproteinase; tIMP, tissue inhibitor 
of metalloproteinase.
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 animals (H) as compared with those in controls. Plasma 
MMP-9 and MMP-2 gelatinolytic activities were not higher in 
H,  sham-operated, or LPS-exposed animals (P9 or P5) as com-
pared to controls, at any of the time points studied (Figure 2a–c 
show data for time point 1 h; data for other time points not 
shown).

Levels of MMPs and TIMPs in Human Plasma Samples
Control group. MMP-2, TIMP-1, and TIMP-2 were easily detected 
at all ages using enzyme-linked immunosorbent assay; age and 
gender did not affect the results (data not shown). Mean values, 
SD, and range for MMP-2, MMP-9, TIMP-1, and TIMP-2 lev-
els in plasma are shown in Table 1. Plasma MMP-9 levels were 
significantly lower in 25- to 27-week-old infants than in those 
of higher gestational age (P ≤ 0.05; see Table 1). For this reason, 
and to exclude any effect of extreme prematurity not pertinent to 
this study, only data from preterm infants of  gestational age ≥34 
weeks were analyzed as controls (Table 1).

NE group. (Table 2) MMP-2 and TIMP-2 levels were not influ-
enced by pathological conditions (data not shown). However, 
MMP-9 levels were significantly increased in the NE group 
(mean ± SD: 342 ± 312 ng; median: 189 ng; range = 6–1,313 ng) 
as compared to controls; the wide range of values reflected the 
fact that the group included Sarnat stage 1 (S1) infants (not dif-
ferent from controls) along with S2 and S3 infants (Figure 4a). 

No differences in MMP-9 levels were observed between NE 
patients with a favorable outcome and those with an  unfavorable 
outcome (Figure 4a). TIMP-1 levels were significantly higher 
in NE patients than in controls (Figure 4b) (570 ± 382 ng; 
range = 107–1,551 ng), mainly because of the presence of S2 
infants in the group (Figure 4b); also, these levels were higher 
in NE patients with a favorable outcome than in those with an 
unfavorable outcome (Figure 4b).

Infectious group. (Table 3) Systemic infection did not  influence 
MMP-2 (data not shown), MMP-9 (Figure 4a), TIMP-1 
(Figure 4b), or TIMP-2 protein levels (data not shown).

DISCUSSION
This study demonstrates not only that MMP-9 and TIMP-1 levels 
are elevated in both NE infants and in neonatal mice with HI 
brain injury, but also, remarkably, that these changes are measur-
able in plasma at an early time point after the insult. These results 
are corroborated by early elevated MMP-9 and TIMP-1 levels in 
the neocortices of HI mice. Of interest, in human infants, MMP-9 
plasma levels were correlated with the severity of NE, whereas 
TIMP-1 plasma levels were predictive of long-term sequelae. The 
significant increase in plasma MMP-9 levels within the first 6 h 
after birth is of critical importance in selecting newborns at high 
risk for neurological damage, or those most likely to benefit from 
neuroprotection. MMP-9 levels after 6 h after birth may be less 
informative and may include false-negative results.
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Figure 3. MMP-2 and MMP-9 levels in mice with excitotoxic, LPS-induced, HI, or H brain injuries, and their controls. (a) Representative gelatinolytic 
activity in the plasma of mouse pups sacrificed 1 h after an excitotoxic (ibotenate-injected (Ibo)) insult at P5, and after LPS-induced inflammation at the 
same age (LPS 5), when compared to sham-operated mice at P9. None of the treatment groups showed any change in MMP-9 or MMP-2 activity when 
compared with controls (sham) at this or any other time point. (b) Representative gelatinolytic activity in the plasma of mouse pups sacrificed 1 h after HI, 
H alone, or LPS-induced inflammation at P9, as compared to nonoperated controls (C). Although MMP-9 activity was upregulated at 1 h in the HI group, 
as well as at later time points (see Figure 1), neither MMP-9 nor MMP-2 activity was affected in any other group or time point studied. (c) Quantitative 
zymography in plasma 1 h after HI (P9), H (P9), Ibo (P5), and LPS (P5 and at P9), and in nonoperated C (P9) and sham-operated animals (P9). White bars: 
MMP-2 gelatinolytic activity; black bars: MMP-9 gelatinolytic activity. Only the HI group showed a significant increase in MMP-9 activity when compared 
to C. MMP-2 activity did not change in any group or time. *P < 0.001; one-way analysis of variance with Bonferroni post hoc test. H, hypoxia alone; HI, 
hypoxia-ischemia; LPS, lipopolysaccharide; MMP, matrix metalloproteinase; P, postnatal day.
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Of note, none of the other pathological conditions studied— 
excitotoxic lesions, hypoxia, or LPS-induced inflammation— 
affected MMP-9 and TIMP-1 protein levels in mouse brain or 
plasma, although the duration of the experiment was sufficient 
for MMP-9 and TIMP-1 activation in these groups; in contrast, 
MMP-9 levels in HI mice increased as early as 1 h after the 
insult. Excitotoxic and inflammatory processes are involved in 
both the early phase of brain ischemia and the regulation of 
MMP expression. However, one cannot rule out the possibil-
ity that the severity of tissue damage is a factor contributing 
to the increase in MMP-9 and TIMP-1 expression in HI mice, 
given that brain lesions are known to be more severe from a 
histological viewpoint in the HI model than in the excitotoxin 
models (7,18).

Similarly, although we used two different strains of mice 
(Swiss for ibotenate and C57Bl/6 for HI), it is unlikely that 
differences in the strain used greatly influenced our results, 

Table 1. Characteristics of infants without Ne

Patient Sexa GAb
MMP-9 
(ng/ml)

tIMP-1 
(ng/ml)

timing of blood 
samplingc

1 F 34 53 336 3

2 F 34 8 318 3.5

3 F 34 26 398 2

4 M 34 56 311 1

5 M 34 87 338 6

6 F 35 64 336 3

7 F 35 28 400 5

8 M 35 29 566 6

9 M 35 39 359 5.5

10 M 35 31 404 3

11 F 36 30 375 5

12 F 36 24 402 2

13 F 36 57 445 1

14 F 36 22 301 5

15 M 36 23 370 3

16 F 37 84 422 5

17 F 37 99 203 6

18 M 37 24 237 3

19 M 37 33 225 1

20 M 37 34 344 5

21 F 38 35 228 3

22 M 38 36 315 2

23 M 38 29 401 1

24 M 38 34 173 3

25 F 38 33 300 4

26 F 39 25 465 6

27 F 39 52 214 3

28 F 39 53 213 1

29 M 39 35 254 3

30 M 39 36 231 5

31 F 40 28 393 1

32 F 40 35 252 6

33 F 40 12 197 4

34 M 40 16 223 1

35 M 40 41 289 3

36 F 41 40 259 2

37 F 41 17 335 1

38 F 41 29 278 5

39 M 41 33 242 3

40 F 34 112 497 1

41 F 34 130 420 1

42 M 34 43 204 3

43 M 34 14 376 1

44 F 35 15 490 2

45 F 35 16 366 4.5

Table 1. Continued

Patient Sexa GAb
MMP-9 
(ng/ml)

tIMP-1 
(ng/ml)

timing of blood 
samplingc

46 M 35 52 378 5

47 M 35 86 562 5.5

48 M 35 20 194 3

49 M 35 104 243 1

50 F 36 20 275 3.5

51 F 36 10 231 5

52 F 36 64 145 3

53 M 36 10 168 1

54 F 37 12 204 2

55 F 37 59 168 2

56 M 37 34 340 1

57 M 37 13 196 5.5

58 F 38 52 184 4

59 F 38 11 190 1

60 M 38 31 185 2

61 M 38 10 171 2

62 F 39 100 353 1

63 F 39 10 340 3

64 M 39 22 196 4

65 M 39 14 171 1

66 F 40 112 234 3

67 F 40 30 257 1

68 M 40 24 227 2.5

69 M 40 23 181 2

70 F 41 23 243 1

71 M 41 60 378 3

72 M 41 76 254 5

Numbers 1–39: control patients, numbers 40–72: infected patients.

MMP, matrix metalloproteinase; Ne, neonatal encephalopathy; TIMP, tissue inhibitor of 
metalloproteinase.asex: M=male, F=female. bGa: gestational age in weeks. chours after 
birth.



Volume 71  |  Number 1  |  January 2012      Pediatric ReseaRch 67copyright © 2012 International Pediatric Research Foundation, Inc.

ArticlesMMP-9/TIMP-1 in perinatal brain injury

because we have previously shown that the ontogeny of MMP-
2, MMP-9, TIMP-1, and TIMP-2 is strain-independent (19). 
Differences in the ages of the two sets of mice (P9 for HI and P5 
for ibotenate) can also be eliminated as a factor, because ibote-
nate injected at age P9 in C57BL/6 mice did not increase plasma 
MMP-9 levels. In fact, under physiological conditions, MMP-9 
is undetectable in the postnatal mouse brain (19). Of interest, 
hypoxia by itself did not affect levels of MMP-9 and TIMP-1 in 
the brain, suggesting that ischemia is the key contributor to the 
observed increases in MMP-9 and TIMP-1 expressions.

In the study in human newborns also, those with a systemic 
infection did not display any increase in MMP-9 or TIMP-1 
levels relative to the controls, suggesting that systemic infec-
tion associated with neonatal NE does not interfere with 
the interpretation of plasma MMP-9 and TIMP-1 measure-
ments, unlike other biomarkers such as lactates or cytokines 
that are also upregulated (20). Another advantage of measur-
ing MMP-9 and TIMP-1 levels in plasma is the relative ease 
of access when compared with the collection of cerebrospinal 
fluid or urine samples that are generally required for other 
prognostic biomarkers.

The levels of MMP-9 and TIMP-1 in the neocortices and 
plasma of mice and in the plasma of human neonates are closely 

matched over time, suggesting that MMP-9 activity is tightly 
controlled by its endogenous inhibitor, TIMP-1. This balance 
between the two molecules is thought to reduce brain damage 
in HI events by protecting the blood–brain barrier (7). MMP 
inhibition provides neuroprotection against HI in the develop-
ing brain (21). A neuroprotective role for TIMP-1 in excitotoxic 
damage and ischemia has been previously proposed (10,11,22). 
In addition, TIMP-1 levels have recently been shown to be cor-
related with stroke outcome in adult humans (23).

When comparing the profiles of MMP-9 and TIMP-1 over 
time in the neocortex and plasma, it appears that the levels of 
both molecules increase in the plasma before they increase in 
the neocortex (1 h vs. 24 h after the insult) and return to basal 
values earlier in plasma than in the neocortex (3 days vs. 5 days 
after the insult), suggesting that circulating MMP-9 and TIMP-1 
do not originate in the brain. Although our data do not allow 
us to discriminate between peripheral origin and diffusion from 
the lesion site, one could speculate that early increases in plasma 
MMP-9 and TIMP-1 have a systemic source related to multior-
gan injury after moderate/severe HI. The release of MMP-9 by 
peripheral blood leukocytes, known to be activated in neona-
tal asphyxia, could contribute to this elevation (24). The sec-
ond plasma peak at 24 h in mice and human infants could be 

Table 2. Characteristics of infants with Ne

Patient Sexa GAb BWc (g) Apgar Sarnatd Outcome
MMP-9  
(ng/ml)

tIMP-1  
(ng/ml)

timing of blood 
samplinge

1 F 40 3,880 1/3/7 S3 Deceased 347 109 1

2 F 40 3,300 unknown S3 Normal 669 295 1.5

3 M 38 3,060 3/5/7 S3 Normal 1,313 173 1

4 F 37 2,300 2/8/9 S1 Normal 697 328 1

5 F 35 2,400 3/7/9 S3 Normal 407 1,073 3

6 M 38 2,700 7/8 S2 Normal 390 409 5.5

7 F 38 2,900 7/5/7 S3 tetraparesia 129 297 5.5

8 F 40 3,000 5/7/9 S2 Normal 525 361 5

9 F 39 3,060 2/7/9 S3 Normal 609 716 4

10 M 40 3,200 3/9/9 S2 Normal 308 715 4

11 M 38 2,700 7/8 S2 Normal 390 409 4

12 F 37 2,400 7/8 S2 Normal 408 1,137 3

13 F 38 2,600 7/8/9 S2 Diplegia 150 304 6

14 M 39 3,290 1/5/8 S3 tetraparesia 241 319 6

15 M 38 2,700 7/7/9 S1 Normal 189 331 6

16 M 40 3,510 2/2/4 S3 tetraparesia 187 338 3

17 F 38 3,900 6/8/9 S3 Normal 285 334 3

18 M 40 3,475 0/4/8 S3 tetraparesia 236 351 3

19 F 41 3,525 3/4/8 S3 tetraparesia 150 304 3.5

20 F 38 2,870 4/5/5 S2 tetraparesia 149 345 1

21 M 40 3,700 2/8/9 S1 Normal 16 679 5.5

22 M 41 3,550 1/5/10 S1 Normal 27 351 5

23 M 38 3,350 1/6/9 S1 Normal 24 893 1.5

24 M 41 3,470 6/9/9 S1 Normal 10 635 3

25 F 40 3,400 9/2/8 S2 Normal 110 595 1

MMP, matrix metalloproteinase; Ne, neonatal encephalopathy; TIMP, tissue inhibitor of metalloproteinase.
asex: M = male, F = female. bGa: gestational age in weeks. cBW: birth weight in grams. dsarnat stage 1, 2, 3: s1, s2, s3. ehours after birth.
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the result of passive diffusion of MMP-9 and TIMP-1 produced 
in the brain, possibly by the death of neural cells as in the case 
of global ischemic injury (9). Alternatively, blood–brain barrier 
breakdown and the inflammatory response, involved early in 
focal injury, could lead to an increase not only in MMP-9 but 

also in MMP-2, MMP-3, and TIMP-3. However, reports regard-
ing MMP-2 are often contradictory (4,22,25,26), and we there-
fore preferred to focus on the more reliable marker, MMP-9 (9). 
The second peak of MMP-9 in the brain might also reflect the 
secondary phase of energy failure induced by HI (27). A second 
but considerably delayed peak of MMP-9 activity in the brain 
has also been seen by others (26).

Despite their uncertain origin, circulating MMP-9 and TIMP-1 
levels are potential biomarkers of NE severity. The levels and sig-
nificance of MMP-9 and MMP-2 have been previously evaluated 
in stroke in adult patients (14,28). In adults, high plasma MMP-9 
levels have been associated with the occurrence of early hemor-
rhagic complications after thrombolysis (28) and early deteriora-
tion during cerebral ischemia (29). However, to our knowledge, 
only one study has explored plasma levels of MMP-9 in perinatal 
asphyxia: MMP-9 and TIMP-1 levels measured on the day of birth 
in asphyxiated infants with sequelae were significantly higher 
than in infants with a favorable outcome or in control patients 
(30). The discrepancy between the results of that study and ours 
could be attributable to the low number of patients in the former, 
or the timing of blood sampling in that study, which was reported 
as occurring on the day of birth, but no details were mentioned. 
Although NE infants with an S1 in our study were not signifi-
cantly different from controls in terms of MMP-9 plasma levels, 
those with higher Sarnat stages had significantly higher MMP-9 
levels, in keeping with a correlation between levels of this protein 
and severity of brain damage. In contrast, plasma TIMP-1 levels 
showed a different pattern, being higher in S2 infants than in S1 
or S3 infants. Although it is easy to dismiss low TIMP-1 levels in 
S1 infants as reflecting a lack of severe lesions, as suggested by 
their low MMP-9 levels, it could well be that the neuroprotective 
effects of TIMP-1 in the S2 and S3 groups are responsible for a 
more favorable outcome in the former, and vice versa.

Remarkably, plasma MMP-9 levels in the NE infants in our 
study were higher (441.7 ± 91.5 ng/ml) than those observed in 
adult stroke patients (147.1 ± 118.6 ng/ml) (30). One possible 
explanation is that the mechanism underlying perinatal HI 
events is associated with more global effects on different organs 
(e.g., umbilical cord compression/placental abruption) than is 
the ischemic mechanism (i.e., blood clot), which is restricted to 
the brain in adult stroke.

 This study provides preliminary evidence that MMP-9 and 
TIMP-1 could act as early biomarkers of brain damage in NE, 
and offers new avenues for research that could benefit human 
full-term newborns. However, before the use of these proteins 
as biomarkers can be validated, more steps are required: (i) 
identifying their initial source of secretion, (ii) understand-
ing the etiology of the biphasic secretion of MMP-9, and (iii) 
evaluating their specificity and sensitivity and correlating their 
concentration levels with the degree and type of brain damage 
in humans and in animal models.

MetHODS
The study in human newborns was approved by the Reims Hospital eth-
ics committee. Written informed consent was obtained from parents/
legal representatives of all patients enrolled in this study. Experimental 
protocols in animals were approved by the Institutional Animal Care 

600

400 **

M
M

P
-9

 c
on

ce
nt

ra
tio

n 
(n

g/
m

l)
**

**

a

**
*

200

0

Con
tro

ls
HIE

 S
1 

HIE

S2 
HIE

S3 
HIE

Fav
or

ab
le 

ou
tco

m
e 

HIE

Unf
av

or
ab

le 
ou

tco
m

e 
HIE

In
fe

cti
ou

s d
ise

as
e

1,000

750 **

T
M

P
-1

 (
ng

/m
l)

**
**

b

500

0

250

Con
tro

ls
HIE

 S
1 

HIE

S2 
HIE

S3 
HIE

Fav
or

ab
le 

ou
tco

m
e 

HIE

Unf
av

or
ab

le 
ou

tco
m

e 
HIE

In
fe

cti
ou

s d
ise

as
e

Figure 4. MMP-9 and tIMP-1 plasma levels in <6 h-old newborns with Ne. 
Bars represent mean protein concentration ± SeM. *P < 0.05; **P < 0.01; 
patient groups (white bars) vs. controls (black bar); analysis of variance 
and Bonferroni’s multiple comparison test. (a) MMP-9 protein levels in the 
plasma of control (black bar), Ne, Ne differentiated according to Sarnat 
stage (S1, S2, S3) or according to favorable/unfavorable outcome follow-
ing Ne, and infected infants. Apart from the S1 group, MMP-9 levels in the 
plasma of all Ne infants were significantly higher than in controls, regard-
less of Sarnat stage or outcome. (b) tIMP-1 protein levels in the plasma 
of control (black bar), Ne, Ne differentiated according to Sarnat stage (S1, 
S2, S3), or according to favorable or unfavorable outcome following Ne, 
and infected infants. tIMP-1 levels were significantly higher in the plasma 
for all Ne infants and those with S2 Ne, as well as those with a favorable 
outcome. MMP, matrix metalloproteinase; tIMP, tissue inhibitor of metal-
loproteinase; Ne, neonatal encephalopathy.

Table 3. MMP-2, -9 and tIMP-1, -2 normative values in the neonatal 
period

Mean value (ng/ml) ± SD Range

MMP-2 2,461 ± 610 2,181–3,965

MMP-9 10.6 ± 9.9a, 33 ± 19.8b 0–27a, 0–80b

tIMP-1 337.6 ± 106.2 157–689

tIMP-2 539 ± 610 209–954

Values for infants.

MMP, matrix metalloproteinase; TIMP, tissue inhibitor of metalloproteinase.
a25–27 gestational weeks of age. b>27 gestational weeks of age.
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and Use Committee of Robert Debre Hospital (Paris). C57Bl/6 and 
Swiss mice were used in the experiments.

Subjects
Mouse neonates
HI and hypoxic (H) brain injury. An HI insult was induced at age 
P9 in C57Bl/6 mice by unilateral ligation of the left carotid followed 
by induced hypoxia (10% oxygen in nitrogen, humidified, for 50 min) 
as previously described (7,15). The neonatal mice were killed at 1, 3, 
6, 24, and 48 h and 3, 4 and 5 days after HI. The left hemisphere of the 
brain was analyzed to determine the extent of HI lesions. An insult 
involving hypoxia alone (H) was induced at age P9 in a second group 
of C57 Bl/6 mice, using the same procedure, except for carotid liga-
tion. The control group was composed of nonoperated neonatal mice 
that were also killed at the same time points. Another group consisted 
of sham-operated neonates (shams) subjected to cervical incision 
alone, and killed at 1, 3, 6, and 24 h.

Excitotoxic brain injury. Intracerebral injection of 10 µg ibotenate 
(Sigma, St Louis, MO) was performed, as previously described, in P5 
Swiss mice (16) and in P9 C57Bl/6 mice for making comparisons with 
data from HI animals. The neonatal mice were killed at the same time 
points as were those in the HI group. In determining protein levels in 
the brain, the brain hemisphere contralateral to the one receiving the 
ibotenate injection was used as the control.

Inflammation/infection group. An intraperitoneal injection of 
LPS (0.3 mg/kg) was administered at ages P5 and P9 to C57Bl/6 mice, 
as previously described (17), to mimic the effects of  systemic infec-
tion. The animals were killed at 1, 3, 6, and 24 h after injection, as in 
the sham-operated group.

Plasma and brain samples. Immediately before killing the mice, 
arterial blood was obtained from all of them and centrifuged at 3,000g. 
Plasma was obtained from additional animals and pooled (three ani-
mals per sample, five samples per experimental group), immediately 
frozen, and stored at −80 °C. For  neocortex samples, five animals were 
studied at each age and time point. Neocortices of HI, H, and control 
mice were rinsed in RPMI medium, immediately frozen, and stored 
at −80 °C. The neocortices were analyzed individually.

Human neonates. Blood samples were collected prospectively 
within the first 6 h after birth from all of the newborns  (gestational 
age 25–41 weeks) admitted to the Reims Hospital Neonatal 
Intensive Care Unit between May 2005 and May 2008. The samples 
were frozen immediately and stored at −80 °C. The samples were 
processed by investigators who were blinded as to the identity of 
the subjects, and the diagnosis was revealed only after assay results 
were obtained. 

Patients in the control group were those who showed no  evidence 
of neonatal infectious disease and did not fulfill the  criteria for NE 
at birth. In addition, they displayed normal neurological development 
(Denver scale) and normal growth parameters (follow-up from 2 to 
5 years).

Diagnosis of NE was carried out in term infants (gestational age >37 
weeks) displaying clinical signs of encephalopathy; these were classi-
fied on the basis of clinical severity, as described by Sarnat (S1–S3) 
(31). In addition, the infants selected showed supporting evidence of 
fetal distress (history of an acute event, cord pH ≤7.1, or base deficit 
≥16 mEq/l) and neonatal distress (Apgar score ≤5 at 10 min, blood gas 
pH within the first hour of life ≤7.1 and/or base deficit >16 mmol/l, or 
the continued need for ventilation initiated at birth). The clinical char-
acteristics of these patients are summarized in Table 2.

Infection was defined as any positive test on blood/cerebrospinal 
fluid culture or peripheral gastric, ear or anal samples for  bacterial pres-
ence or for inflammatory markers (C-reactive  protein >10 mg/l and/or 
procalcitonin >2 µg/l), and/or an  absolute neutrophil count <1,500.

Measurement of MMPs and TIMPs
Gelatin zymography. MMP-2 and MMP-9 activity levels were deter-
mined by gelatin zymography, as previously described (7). Neocortical 
(100 µg of protein) or plasma samples (10 µl per sample) were used for 
zymography. Human recombinant MMP-2 and MMP-9 (Millipore, 
Bedford, MA) were used as internal standards. Gelatinolytic activ-
ity was measured by means of automated image analysis (Vilbert-
Lourmat, Marne-la-Vallée, France).

Enzyme-linked immunosorbent assay. MMP-2 and MMP-9 levels 
and TIMP-1 and TIMP-2 levels were determined in duplicate using 
Quantikine ELISA kits (R&D System, Lille, France) for human/mouse 
MMP-2, mouse pro-MMP-9, human TIMP-2, and mouse TIMP-1, as 
directed. Plasma samples were diluted three times before use; brain 
samples were used undiluted. The values obtained lay within the lin-
ear portion of the standard curve.

Statistical Analyses
Study group characteristics are described using the mean value and 
SD for continuous variables. One- and two-way analysis of variance 
were used to compare results (MMP-9/TIMP-1) among groups (sex, 
age group, presence of neonatal encephalopathy, Sarnat stage, favorable 
vs. unfavorable outcome, infants with infection vs. controls, ibotenate, 
and HI in mice), using a Bonferroni post hoc multiple comparison test 
where appropriate. A multiparameter correlation test was used for con-
tinuous variables (MMP-9, TIMP-1, gestational age, timing of blood 
sampling).
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